The ideal cycling helmet allows rapid heat loss from the head with minimum aerodynamic drag. The position and size of ventilation holes affect both heat loss and drag. An aero helmet with reconfigurable ventilation holes was mounted on a heated mannequin head in a wind tunnel at 16.7 m/s (60 km/h). Temperatures on the surface of the head, and the drag area (CdA), were measured for a number of different ventilation hole configurations. Surface temperature was lower immediately underneath the open ventilation holes, whatever configuration of open holes was tested. The average surface temperature was taken as a proxy for thermal comfort. Surprisingly, there was very little difference in average surface temperature with all holes open compared to no holes open, though the latter has lower drag. The lowest average surface temperatures were obtained when either the rearmost holes only were open or when only holes at the top of the helmet, halfway between the front and rear of the helmet, were open (referred to as 'middle holes open'). Besides being effective in dissipating heat, these middle holes open configuration produced lower drag than the rear holes open configuration. However, we note from a previous study with this helmet that drag is more strongly affected by neck angle and how the helmet is fitted, than by the ventilation holes.
Introduction
In competitive cycling, aerodynamic drag strongly influences finishing time. The aerodynamics of helmets has been given some attention 1, 2 because the helmet is compulsory in many events and affects the drag of the head and body. Less attention has been given to the thermal performance of helmets. Under exertion, the human body dissipates a significant fraction of its excess heat through the head, which in cycling is conveniently placed in a strong air current. The helmet insulates the head, limiting the transfer of heat to the air and the evaporation of sweat. Ventilation holes can increase the heat loss but are limited in size and number if adequate impact protection is to be retained. Van Brecht et al. 3 noted both professional and amateur cyclists report discomfort and sweating due to high temperatures under the helmet and studied the ventilation properties of an amateur cycling helmet.
The head surface is at a temperature between blood (37°C) and the surrounding air. Pang et al. 4 studied the thermal comfort of cricket helmets, reporting the temperature of head surface to be 34.9°C6 0.1°C. This surface temperature will be lower if the rate of heat loss to the surrounding air is greater. Under physical exertion, the greater the rate of heat loss, the better the core temperature can be maintained. Stress on the heart will be lower, and the best physical performance can be expected.
Under exertion, the quantity of heat dissipated by the head may reach over 50% of the body's total. Many competitive cyclists find that riding with a helmet becomes uncomfortable due to high temperatures and sweating under the helmet. 3 Fanger 5 reported that humans feel discomfort if their head temperature lies outside a range of 61°C of normal skin temperature.
Alam et al. 6 ,7 compared a few models of cycling helmets using heat loss as a proxy for thermal comfort. No systematic study of the position of the ventilating holes has yet been published.
Reid and Wang 8 quantified the cooling effectiveness of six commercial cycling helmets, measuring the temperature of a mannequin head in a wind tunnel and comparing to a spherical reference object. They found that temperatures at the back of the head varied more than those at the front. For the three helmets for which subjective assessments of thermal comfort were available, these most comfortable helmets were those with the lowest head temperatures.
The presence of ventilation holes can also affect aerodynamic drag. Holes disturb the smoothness of the helmet, and may increase drag, except where they provide a flow path from regions of high to regions of low surface pressure, in which case they may reduce drag. A previous study by our group explored the relationship between ventilation holes and aerodynamic drag. 9 A custom-built helmet with holes which could be opened or closed was used. The head angle and nose-to-helmet distance were more important in determining drag area than the number or position of ventilation holes, with only a slight reduction in aerodynamic drag for a helmet with no ventilation holes compared to multiple, large holes. The results suggested that greater gains in drag can be obtained through positioning the helmet on the head properly, to ensure a low frontal area and streamlined position, than can be obtained from the configuration of helmet holes.
This study extends the work reported by Underwood et al. 9 by measuring the surface temperature of the head with various configurations of ventilation holes open. The helmet is mounted on a dummy head, heated to blood temperature and placed in a wind tunnel. The configuration of holes which optimizes both thermal comfort and aerodynamic drag is sought.
Equipment and methods
The University of Canterbury closed-circuit wind tunnel was used for the tests (Figure 1 ). The test section cross section is rectangular, 900 3 1200 mm 2 . A life-size mannequin head was mounted in the tunnel on a bracket which allowed adjustment of the neck angle with a resolution of 0.5°. An electrical heater was fitted inside the polystyrene core of the head, and type K thermocouples were taped, using paper tape, to the outside of the head surface, which was of vinyl. A separate thermocouple to measure the temperature of the air in the wind tunnel was placed in the flow at least 50 cm from the head. An infrared camera was used to confirm that with no helmet or flow, the temperature on the head surface was uniform to + /20.5°C.
The manufacture of the helmet is described in the work by Underwood et al. 9 and the finished item is shown in Figure 2 . It roughly conforms to the external shape of the Bell Meteor II. The shell was threedimensional (3D) printed in ABS (acrylonitrile butadiene styrene) plastic using a fused deposition modelling technique. A foam lining was shaped to conform to the inside of the shell. Cut-outs in the shell and lining comprised the ventilation holes. The holes could be closed with polystyrene plugs of the same thickness as the liner ( Figure 3 ). The shell, which consisted of separate front and rear sections clipped together, could be changed to allow different hole configurations. The helmet was held in place with a commercial chinstrap. It was mounted with the mannequin neck vertical (head or neck angle of 0°) and a tip-of-nose-to-brow-of-helmet distance of 75 mm (measurements as defined by Underwood et al. 9 ). The ventilation hole configurations are shown in Figure 4 with their reference numbers. These holes were selected as representative of those seen in common commercial aero helmets.
The locations of the thermocouples are shown in Figure 5 with their reference numbers. The thermocouple reference numbers and ventilation hole reference numbers are independent and do not correspond to one another.
Power to the electrical heater inside the head was adjusted to give a head surface temperature of approximately 37°C in still air with no helmet. This power was maintained when the wind flow was started. The wind speed, measured with the pitot-static tube visible above the head in Figure 1 , was 16.7 m/s (60 km/h) in all tests. For each hole configuration, temperatures were measured every 5 min until equilibrium was reached. This typically took between 30 and 45 min. Once the temperatures have stabilized, the difference between each head-mounted thermocouple and the surrounding air temperature was averaged over a period of 5 min. Each test was repeated three times. The average over all sensors was calculated and found to vary from test to test, by + /20.1°C to 0.3°C.
Aerodynamic drag area (CdA) was measured using the methods described in the work by Underwood et al., 9 including correction for the drag of the neck angle adjustment bracket. The total error for drag area measurements was 60.0006 m 2 (from repeatability tests on the same day and different days).
A simple model of heat transfer from the bare head
The rate of heat loss from the head to the air was estimated by treating the head as a sphere with the same diameter as the mannequin head and using standard heat transfer correlations for free convection (to model the case of still air) and forced convection (to model the case of cycling). The measured average temperature difference between the bare head (no helmet) and air is used. It is assumed that heat transfer by radiation is negligible.
Still air
In still air at 24.3°C, with an electrical power to the heater of 4.2 W, the average head surface temperature was measured to be 33.2°C. To model the head as a sphere in free convection, the Grashof number (equation (1)) was computed as follows
where g is the strength of gravity (9.81 m/s 2 ), DT is the difference between the surrounding temperature and the head surface temperature (8.9°C), r is the air 6 . The Prandtl number (equation (2)) was computed as follows
where C p is the heat capacity of air (1005 J/kg K) and l is the thermal conductivity of air (0.0262 W/m K). With these values, Pr ¼ 0:744. Approximating the head in still air as a sphere in free convection, the Nusselt number may be given by the standard correlation (equation (3))
Hence, Nu = 31.2 The heat transfer coefficient is given by equation (4)
With the parameters noted above, h c = 2.99 W/K m 2 . The rate of heat loss in is given by equation (5) 
where S is the surface area of the head: S = 0.234 m 2 . This rate of heat loss to still air, estimated by treating the head as a sphere, is u c = 6.2 W.
This may be compared to our observation that in still air, an electrical power of 4.2 W was required to maintain the temperature of the head. If heating of the cables is neglected, this electrical power will be equal to the rate of heat loss from the head. Using this measured power, the experimental value of heat transfer coefficient is h c = 2.02 W/K m 2 .
The simple model predicts a power and heat transfer coefficient 48% higher than the measured value.
Moving air
Experimentally, it was observed that a power of 18 W was needed to maintain the average temperature difference between the bare head and air of 1.8°C. A simple model was used to estimate the power and heat transfer coefficient for forced convection, that is, with the wind flowing.
The Reynolds number is given by equation (6)
where u is the velocity (16.7 m/s) and all other quantities are as given above. With these values, Re ¼ 2:78310 5 . Equation (7) is a correlation for the Nusselt number of a sphere in forced convection where the Prandtl number is identical to the still air case. Therefore, Nu = 321. The heat transfer coefficient can be calculated from equation (4) The discrepancy between the simple models and the observed values is likely to be due to the assumptions that the head has a spherical shape and a uniform temperature difference, neither of which is wholly true. Nevertheless, the model predicts power and heat transfer coefficient to better than an order of magnitude and is a useful conceptual model for interpreting the results.
Results
The difference between each sensor's temperature and that of the surrounding air is given in Table 1 The temperatures in Table 1 are averaged over different groups of sensors, and these averages are plotted in Figure 6 . The sensors are grouped as follows: all those at the front, all at the back, those high on the head and those low on the head (please see Figure 5 for sensor numbers). With the wind flowing, the average over all holes, with the helmet on, of 5°C is considerably greater than the 1.8°C measured for the bare head. The helmet is insulating the head and the resulting greater temperature is sufficient to cause thermal discomfort.
There is little difference in average temperature between the cases with all holes open and no holes open. Sensors mounted on the front, or high on the head, are approximately 1°C colder with the holes open. These are compensated by the holes mounted on the rear or low, which are hotter by a similar amount.
The results from different configurations of open holes are presented in Figure 7 as averages over the same sensor groups as shown in Figure 6 . Where a hole is not listed as open, it is closed.
Generally, the front sensors were cooler than the back sensors, and the low sensors are cooler than the high.
Relative to the no-holes-open temperature, the temperature is reduced where the holes are open: for example, if the front holes are opened, the temperature on the front is lower. The same behaviour holds for the back holes.
Averaging all sensors to obtain an indication of overall thermal comfort (the left-most group in Figure 7 ), the best configurations tested were the Figure 8 compares the temperature differences (averaged over all holes) to the aerodynamic drag measured in the work by Underwood et al. 9 Only those cases for which drag was measured are shown. The error bars for temperature ( + /20.1°C to 0.3°C) are smaller than the symbols.
Low drag and low temperature are the most desirable combination. The best performing configuration in terms of temperature is the middle holes open. This configuration also delivers the second lowest drag. The best performing configurations in terms of drag are no holes open and side holes open. These latter two configurations have identical results: the lowest drag, at a temperature no higher than any other configuration. The drag area error bars for these two configurations overlap with middle holes open, so it is not clear which is best in terms of drag.
The back holes only and front holes only configurations are the least desirable, with the highest drag and no advantage in temperature over the other configurations tested. 
Discussion
The middle holes only configuration is best thermally. In other configurations with open holes at the front, it is possible that hot air is convected out of the front holes, and past the rear holes, and that this hot air limits heat transfer from the rear holes. This may explain why the all-hole configuration, which might be expected to be the coolest configuration, is not. None of the configurations tested delivered both the best thermal and the best aerodynamic performance simultaneously. Which is truly the best configuration for racing will depend on the relative importance of drag and thermal comfort in race performance. For short races such as sprints, core temperature may not reach a limiting value during the race, and thermal comfort may be of little consequence to finishing times. In longer road races, the opposite may hold.
The study is limited to a few configurations of hole position and size, and to only one helmet shape, and results may be different for different aero helmets or for non-aero helmet shapes. The results are limited to a single neck angle (at 0°, as defined in the work by Underwood et al., 9 not the lowest drag possible) and helmet position on the head. Riders change their head angle, particularly as they tire towards the end of a race, and Barry et al. 10 noted that this may increase or decrease drag depending on helmet design.
No hair was used in this study. Hair is likely to block holes and insulate the helmet. It may be that this will bring the performance of any hole configuration closer to the no-hole configuration.
Perspiration was not modelled in the study. The evaporation of sweat enhances heat transfer. However, this will be in proportion to the local temperature and convection rate, so while it may change the absolute levels of temperature difference, it is unlikely to change the rank of each configuration relative to the others.
It has been assumed that all areas of the head contribute equally to thermal comfort. If this is not so, the weighting of the holes used to calculate the average temperature should be revisited.
Conclusion
As might be expected, temperature is lower immediately underneath an open hole in any configuration. However, the average temperature of the head surface is not a simple function of the area of the ventilation holes: there is very little difference between all holes and no holes open. Middle holes open (holes near the crown) delivered the lowest head temperature. This configuration also had the second lowest drag area, of those configurations tested for aerodynamic drag.
However, limited configurations were tested for both drag and temperature, and a previous study 9 showed that drag is more strongly affected by neck angle and how the helmet is fitted, than by the ventilation holes, indicating that riders should first find the optimal body position and helmet fit.
